A 5-single nucleotide polymorphism (SNP) set has been associated with general cognitive ability in 5000 7-year-old children from the Twins Early Development Study (TEDS). Four of these SNPs were identified through a 10 K microarray analysis and one was identified through a targeted analysis of brain-expressed genes. The present study tested this association with general cognitive ability in six population samples of varying size and age from Australia, the UK (Scotland and England) and the Netherlands. Results from the largest sample (N ¼ 1310) approached significance (P ¼ 0.06) in the direction of the original finding, but results from the other samples (N ¼ 205 -758) were mixed. A meta-analysis of the results -allowing for effect size heterogeneity between samples -yielded a non-significant correlation (r ¼ À0.01, P ¼ 0.57), indicating that this SNP set was not associated with general cognitive ability in the populations studied.
Introduction
Cognitive abilities are partly heritable and findings generally show an increase in the influence of genes on mental abilities across the lifespan; heritability estimates of around 0.30 in childhood increase to 0.80 in old age. 1, 2 Molecular genetic studies of cognitive abilities report genetic associations with specific cognitive abilities 3, 4 and with general cognitive ability. 5,6 -8 General cognitive ability captures the covariation between diverse cognitive abilities, and it has been proposed that this covariation reflects underlying 'generalist genes', affecting many cognitive abilities. 9 Using an approach based on single nucleotide polymorphism (SNP) microarrays (B11 000 SNPs) and DNA pooling, Butcher et al, 10 reported an association between four SNPs and general cognitive ability (g) in 6154 children aged 7 years. These associations were confirmed by individual genotyping and explained 0.76% of variance in g when they were scored in the direction of a positive association with g and summed to form a composite score. The minor allele of each SNP conferred the greater risk for low g scores. Both dominance and epistasis effects were shown not to contribute considerably to the prediction of g, and therefore the composite measure was formed assuming an additive model (ie, using scores of 0, 1 and 2 for respective A1A1, A1A2 and A2A2 genotypes). An SNP previously identified from a scan of 432 brainexpressed polymorphisms 6 was later added to this set to form a 5-SNP set explaining 0.86% of variance in g in a largely overlapping sample (Po0.001); this SNP set was slightly more strongly correlated with verbal (r 2 ¼ 0.097,
Po0
.001) than non-verbal ability (r 2 ¼ 0.048, P ¼ 0.001).
Furthermore, there was evidence that the SNP set explained 17% of the stable genetic variation between g at age 2 (assessed by a parentally administered cognitive test) and 7 (measured by a telephone administered form of the WISC-III-UK) years. So far, association of this SNP set has been tested only in the Twins Early Development Study (TEDS) sample, although longitudinally. Our aim therefore was to replicate this SNP set association with cognitive ability in six independent samples from Australia, the Netherlands, Scotland and England. The samples were of varying age, measured with diverse cognitive abilities tests and we have focused on general cognitive ability to attain the most similar and reliable cognitive index across cohorts. The 5-SNP set includes: rs1136141, located in heat-shock cognate protein 8 gene (HSPA8) on 11q; rs991684 on chromosome 2, near two known genes and perhaps is itself in a gene; rs726523 (chromosome 18), rs4128492 (chromosome 6) and rs2382591 (chromosome 7), not located in known genes.
Materials and methods

Samples
Australian cohort Twins and their non-twin siblings were initially recruited as part of ongoing studies of melanoma risk factors and cognition. ABC1936 was retested at about 64 years on the Raven and the NART. The MHT scores were used to index g at age 11 in both cohorts. In the LBC1921 at 79 years, regression factor scores of the first unrotated principal component extracted from the five tests were taken as the measure of g derived in SPSS, 25 while in the ABC1936 at 64 years, the two measures were standardised and summed to attain a global cognitive ability measure.
English cohort Tests of fluid intelligence comprised the Heim intelligence tests parts one and two. 26 Processing speed was assessed using the random letters test. A series of memory tests measured semantic memory, immediate verbal recall and delayed verbal recall. A general factor was extracted from these tests and regression factor scores used as a measure of g (as previously described). Measures of full scale IQ and g have been shown to be strongly correlated (B0.90) in previous research. 27 As this was an ageing sample, data at the first time point only were investigated to avoid confounding of differential cognitive decline due to dementia.
TEDS Two verbal subtests -Vocabulary, Similarities WISC-III-UK, 28 -and two non-verbal subtests -Picture
Completion (WISC-III-UK), Conceptual Grouping McCarthy
Scales of Children's Abilities, 29 were administered via telephone. 30 Subtest scores were standardised on the full sample and summed to create g scale scores.
Genotyping Australian cohort Assays for the five SNPs (rs4128492, rs2382591, rs726523, rs1136141, rs991684) were designed using MassARRAY Assay Design software (version 3.0; Sequenom Inc., San Diego, CA) and typed using iPLEXt chemistry on a Compact MALDI-TOF Mass Spectrometer (Sequenom Inc., San Diego, CA). Forward and reverse PCR primers and a primer extension probes were purchased from Bioneer Corporation (Daejeon, Korea). The iPLEX reaction products were desalted by diluting samples with 18 ml of water and 3 ml of resin to optimise mass spectrometric analysis and then spotted on a SpectroChip (Sequenom), processed and analysed by the MassARRAY Workstation software (version 3.3; Sequenom). Assay quality and genotype calls were assessed in the Spectro-TYPER software (version 3.3; Sequenom). The genotypes for one assay (rs4128492) could not be accurately usercalled and was excluded from analysis.
Dutch cohort Genotyping was performed blind to familial status and phenotypic data. Both MZ twins of a pair were included, serving as additional quality control on genotyping. Genotyping was performed using fluorogenic probes in the high-throughput 5 0 -nuclease assay (TaqMan, PE Applied Biosystems, Foster city, CA), which combines polymerase chain reaction amplification and detection into a single step. The assay requires two allele-specific probes, which labelled two alleles with different fluorescent reporter dyes for discrimination. Following allelespecific hybridisation, the detection probe is cleaved during each amplification cycle by the 5 0 -exonuclease activity of Taq DNA polymerase if the probe's target sequence is present. No TaqMan assay for rs1136141 could be designed due to the presence of a nearby SNP, and the TaqMan assay for rs4128492 failed.
Scottish and English cohorts
The Sequenom Mass ArrayTM (Sequenom Inc., Germany) was used for genotyping SNPs in all cohorts, with the exception of rs4128492 in the Scottish cohorts. PCR iPLEX oligoprimers were designed and optimised using MassARRAY Assay Design software v.3.0. PCR reaction mix (5 ml) consisted of 2.92 ml deionized water, 0.625 ml 10 Â HotStar Taq PCR Buffer (15 mM MgCl 2 ), 0.325 ml 25 mM MgCl 2 , 0.1 ml dNTPs 25 mM each, 0.03 ml HotStar Taq Polymerase (QIAgen) (5 U/ml), 1.0 ml Forward and Reverse Primer Mix (500 nm each) and 25 32 ).
Association analyses
To calculate the SNP set score, the genotypes for each of the SNPs was recoded so that the decreaser allele homozygote was assigned a value of 0, the heterozygote assumed a value of 1 and the increaser allele homozygote was assigned a value of 2. These values were then summed across SNPs to derive an SNP set score. Association analyses were performed in Mx, 33 which uses a maximum likelihood procedure to estimate parameters in a means model (to test the association effect). The means model included the fixed effects of relevant covariates in addition to a linear regression term for the SNP set effect. As SNPs were scored in the direction of the increaser allele, a positive correlation between g and the SNP set was expected irrespective of the differing number of SNPs contained in each set between cohorts (this varied from three to five). In the Australian, Dutch and TEDS cohorts, the twin relationship was modelled in the covariance structure, separately for MZ and DZ twins, to account for the nonindependence of siblings within a family. For the Dutch child cohort, the covariance between time points was further modelled to account for the longitudinal nature of the data. Likewise, the covariance between time points was modelled in the Scottish cohorts. To test the significance of the SNP set effect, the linear regression term for this measure was fixed to zero and the resulting model was compared to the model in which the regression term was estimated, using the likelihood ratio w 2 -test. The difference in À2-log likelihood between these models is distributed as a w 2 with the degrees of freedom equal to the difference in degrees of freedom between the two models (ie, 1 for the SNP set effect). The power to detect an effect size of 0.8% (given an average marker allele frequency of 0.35) was 88% in the Australian sample, 70% in the English sample, 54% in the LBC1921, 40% in the Dutch adults, 34% in the Dutch children and 25% in the ABC1936. The power to detect the smaller, individual SNP effects was much lower.
A meta-analysis of the results excluding the TEDS sample was performed using the Comprehensive Meta-analysis package. 34 The correlation was used as the effect size measure and a random effects model was specified to account for systematic differences between the sampled populations.
As the original finding was reported in children, we analysed the SNP set effect separately for young (Dutch, LBC1921, ABC1936 children, Australian adolescents) and old (Dutch, LBC1921, ABC1936, English adults) cohorts. We further estimated the SNP set association with g separately for males and females because of a report that the g SNP set association is significantly stronger in males than females at age 10. 35 
Results
Genotype screening showed that the population was not in Hardy -Weinberg equilibrium (P ¼ 0.005) at SNP rs1136141 in the Australian sample, with heterozygote genotypes underrepresented. No other deviations from Hardy-Weinberg (Po0.01) were observed in any of the other samples. With such a large number of independent tests performed (3 -5 SNPs in six samples), it is probable that the deviation in the Australian sample was a false positive, so this SNP was retained for further analysis (note that analyses excluding this SNP from the SNP set score produced consistent results -data not shown). Allele frequencies for the five SNPs were consistent with reported frequency data in Caucasians, and did not differ between cohorts (see Table 1 ). The frequency distribution of the SNP set score SNP set influencing cognitive ability M Luciano et al was consistent with the distribution reported in the TEDS sample, displaying a slight negative skew. Significant mean effects were shown for sex, months of schooling, and sibling status (twin versus non-twin sibling) in the Australian cohort, with males scoring higher than females, a greater amount of schooling relating to better test performance and non-twin siblings scoring higher than twins. In the Dutch child cohort, there were no sex differences at age 5, although boys scored higher than girls at age 12. In the Dutch adult cohort, men scored higher than women and age was negatively correlated with g. In the Scottish cohorts, age in days was positively associated with g at 11 years in the ABC1936 and negatively associated with g at 79 years in the LBC1921. Age and socio-economic status (SES) were significant in the English cohort, with younger participants performing better and higher SES relating to increased cognitive test performance. The tests of association were modelled with inclusion of the relevant covariates or performed using covariateadjusted scores (standardised residuals).
The SNP set correlations and their 95% confidence intervals are shown in Table 2 , separately for each cohort, and for the meta-analysis excluding TEDS. The largest sample (Australian) showed a marginally significant (P ¼ 0.06) effect in the expected direction; however, the results for the other studies were mixed -half showed positive results and the other half showed negative results. A significant association in the same direction as the initial TEDS finding was observed in the ABC1936 at 64 years (r ¼ 0.10, P ¼ 0.02); while in the LBC1921 at 11 years a significant association (r ¼ À0.11, P ¼ 0.01) in the reverse direction was found. Positive and negative correlations between g and SNP set score occurred with roughly equal frequency. A homogeneity test (using the w 2 -statistic) of the effect size between samples was significant (Po0.001) indicating that the effect size differed between cohorts. The meta-analysis of the results that allowed for systematic and unsystematic differences in effect size between cohorts showed a non-significant correlation of À0.01 (P ¼ 0.57). Despite reduced power, the effect of individual SNPs was tested within each cohort. No significant association was found for markers rs726523 and rs1136141 in any of the cohorts. For rs991684, a significant association (r ¼ 0.13, P ¼ 0.007) in the hypothesised direction was found in the ABC1936 cohort at 64 years. For rs4128492 and rs2382591, respective correlations of À0.10 (P ¼ 0.007) and À0.09 (P ¼ 0.16) were found in the English cohort, with the direction of the effect being inconsistent with the original finding in the TEDS sample. Age effects were estimated by fixing the SNP set regression coefficient equal within young replicate cohorts (Australian, Dutch children, LBC1921 and ABC1936 at 11 SNP set influencing cognitive ability M Luciano et al years) and old replicate cohorts (English, Dutch adults, LBC1921 and ABC1936 adults). The test of the homogeneity of the SNP set effect within young and old cohorts was significant (Po0.01). Nevertheless, the test of association in both young and old cohorts was not significant (P ¼ 1). The sex analyses of the SNP set showed negative association (r ¼ À0.03) for males in the ABC1936 (P ¼ 0.01) at 11 years and positive association (r ¼ 0.04) for females in the Dutch children at age 5 (P ¼ 0.04). Positive correlations were found in the ABC1936 (P ¼ 0.04) at 64 years in females (r ¼ 0.13) and males (r ¼ 0.07).
Discussion
This is the first study to attempt replication of a 5-SNP set influencing general cognitive ability. 36 These SNPs were originally identified through DNA pooling comparing low and high groups in microarray analysis selected from a large sample of children and confirmed using individual genotyping in the entire sample. Our study showed that in six population-based samples, the SNP set effect (in the expected direction) was replicated in one cohort. In a further cohort significant association was observed, but the SNP set effect was in the reverse direction to that expected. A meta-analysis of these results did not support an association between the SNP set and g. Empirical tests of the equality of the SNP set b-coefficient showed significant heterogeneity in the effect size between the cohorts. Our more focussed analyses showed that neither sex nor age could explain these differences in effect size as heterogeneity was also observed within samples of the same sex and of similar age. The SNP set was not related to g in either young or old pooled samples nor was an enhanced effect of the SNP set effect observed in males (positive correlations were found in female and male groups or in females only). The original SNP set effect was shown in the TEDS cohort at ages 2, 4 and 7. In the cohort most comparable to the TEDS sample, the Dutch cohort measured at age 5, the correlation was positive (r ¼ 0.05), though not significant. Given the low power of this sample, it remains possible that the SNP set effect is important in early childhood. There is some evidence for different genes affecting IQ in the TEDS sample during childhood although most genetic effects are stable from year to year; 37, 38 research in Dutch samples supports a largely stable influence of genes on IQ at ages 5 and 12 (with amplification of genetic effects during development).
2,39
Other explanations for the variation in the size of the SNP set effect between the cohorts were sought. The use of diverse cognitive measures might have been a factor, especially if the SNP set influences variation on some measures more than others. The original finding in TEDS reported a stronger relationship with verbal than nonverbal ability. In our cohorts, the g factor was extracted using different test batteries with some g factors therefore tapping more verbal ability variance than others; it is unclear to what extent the g factor between studies is measuring the same underlying processes. Another factor contributing to variability of the effect might be differences in the SNP set size tested (due to failed genotyping) across samples, with restriction in range of the SNP set size leading to attenuated correlations in the samples with missing genotype data.
While the finding of negative associations was unexpected, this 'flip-flop' association is not uncommon in replication studies of SNPs 40 and may stem from epistatic effects in which other interacting alleles at unobserved loci have different frequencies across the different populations. It must be noted that a higher number of tests were significant (9) than expected by chance (4), with five of these in the predicted direction; furthermore, 5 out of 9 tests for the SNP set analyses showed a P-value less than 0.10. It is possible then that the SNP set has predictive validity when coupled with other unidentified SNPs contributing to g. The SNP set approach appears as a reasonable method to test for the association of multiple gene effects on a trait, reducing problems associated with multiple testing of individual genes and with detecting very small effect sizes of individual SNPs. However, the approach assumes that individual SNPs in a set contribute equal amounts of variance to a trait. When allele frequencies differ between SNPs, those SNPs with greater heterozygosity will carry a larger influence on the SNP set score. In this study, allele frequencies of the SNPs were similar, with little expected bias in the results. For future analyses of SNP set scores, it may be useful to weigh the SNPs by their effect size.
The present study highlights the importance of replication studies, and what will be an increasing need for them in light of the burgeoning era of genome-wide association (GWA) studies. This is especially so for two reasons. First, given that GWA studies now incorporate hundreds of thousands of SNPs rather than the 10 000 used in the original TEDS study; while these studies will have more success in finding true genetic variants they will also detect a larger number of associations due to chance. Second, although GWA studies can reliably detect large effect sizes as in the early exciting report for age-related macular degeneration, 41 the largest effects in recent GWA studies such as the Wellcome Trust Case Control Consortium 42 are very small, which will be difficult to replicate. Although the TEDS two-stage design had considerable power to detect small effects, the effect sizes of the associations that were detected were smaller than warranted by the power of the design. In other words, although GWA studies will easily detect any large effects, identifying the 'best of the rest' will be challenging. Demands for power will be just as daunting for replication studies. An innovation of the TEDS study was to aggregate candidate SNPs of small effect size together in an additive SNP set which can be tested for replication with greater power; however, the SNP set is only as good as its constituent SNPs.
In our meta-analysis, which allowed heterogeneity of the SNP set effect between samples, the SNP set was not correlated with g. While the SNP set is not related to general cognitive ability in the cohorts we tested, the ideal replication study would be the one conducted in a large sample of children more closely matched in age to that of the TEDS and using the same cognitive measures.
